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Enantio-discrimination via light deflection effect
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We propose a theoretical method for enantio-discrimination based on the light deflection effect in four-level
models of chiral molecules. This four-level model consists of a cyclic three-level subsystem coupled by three
strong driving fields and an auxiliary level connected to the cyclic three-level subsystem by a weak probe field.
It is shown that the induced refractive index for the weak probe field is chirality-dependent. Thus it will lead
to chirality-dependent light deflection when the intensity of one of the three strong driving fields is spatially
inhomogeneous. As a result, the deflection angle of the weak probe light can be utilized to detect the chirality
of enantio-pure chiral molecules and enantiomeric excess of chiral mixture. Therefore, our method may have
potential applications in biology and chemistry.
PACS numbers: 11.30.Rd, 33.80.-b, 42.50.-p
I. INTRODUCTION
In nature, one of the most important manifestations of sym-
metry breaking is the separated existence of two molecu-
lar structural forms known as enantiomers (left- and right-
handed chiral molecules) which are mirror images of each
other [1]. Molecular chirality has received considerable in-
terest due to its fundamental role in the activity of various
biological molecules and chemical reactions [2, 3]. Despite
this importance, detecting the chirality of enantio-pure chiral
molecules and enantiomeric excess of chiral mixture (contain-
ing left- and right-handed molecules) remains an important
and challenging task [4–10].
The optical rotation, which refers to the rotation of the
polarization plane of a linearly polarized light in a medium
of chiral molecules, is one of the conventional spectroscopic
methods for enantio-discrimination (detecting the chirality of
enantio-pure chiral molecules and enantiomeric excess of chi-
ral mixture) [11–15]. The optical rotation arises from the fact
that the two enantiomers can lead to different refractive index
for left- and right-circularly polarized lights [16]. Inspired
by this, the reflection, refraction, and diffraction effects of
left- and right-circularly polarized lights have been proposed
to detect the chirality of enantio-pure chiral molecules and
enantiomeric excess of chiral mixture in experiments [17–19].
Nevertheless, the chiral effects in most of these methods are
based on the interference between the electric- and magnetic-
dipole transitions and thus are weak since the magnetic-dipole
transition moment is usually weak.
Recently, the cyclic three-level (∆-type) model [20, 21] of
chiral molecules based on electric-dipole transitions has re-
ceived much interest and has been widely used in enantio-
separation [22–25] and enantio-discrimination [26–34]. In
such a model, the product of three Rabi frequencies in the
cyclic three-level model can change sign with enantiomer,
thus it will lead to chirality-dependent dynamic processes [23,
25, 27–34] and steady-state optical responses [26].
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In this paper, we propose a theoretical method for enantio-
discrimination based on the light deflection effect in four-level
models of chiral molecules. This four-level model consists of
a cyclic three-level subsystem coupled by three strong driv-
ing fields and an auxiliary level which is connected to the
cyclic three-level subsystem by a weak probe field. Here, one
of the three driving fields is spatially inhomogeneous in or-
der to produce spatially inhomogeneous refractive index for
the weak probe light. Since the product of three Rabi fre-
quencies corresponding to the cyclic three-level subsystem
can change sign with enantiomer, the resultant refractive in-
dex leads to chirality-dependent propagation trajectory of the
weak probe light which propagates in a medium of enantio-
pure chiral molecules. Therefore, the chirality of enantio-pure
chiral molecules can be detected by monitoring the deflection
angle of the weak probe light when it exits from the medium.
Further, we demonstrate that such a chirality-dependent de-
flection angle can also be utilized to detect the enantiomeric
excess of chiral mixture. Moreover, the tunability of the am-
plitude of the deflection angle and robustness of the measure-
ment precision against the Rabi frequency corresponding to
the inhomogeneous driving field and enantiomeric excess are
also investigated.
Here, we remark that the principle of our method is to mea-
sure the deflection angle of a probe light when it exits from
the medium of chiral molecules, which is very different from
that of most optical rotation based methods [11–19]. More-
over, our method involves only the electric-dipole transitions
and thus can produce desirable chirality-dependent deflection
angle. Hence, our method may have wide applications in
enantio-discrimination.
This paper is organized as follows: In Sec. II, we de-
rive the deflection angle of probe light which propagates in
a medium of enantio-pure chiral molecules based on the four-
level model and illustrate how to detect the chirality of two
enantiomers via such a deflection angle. In Sec. III, we in-
vestigate the light deflection in a medium of chiral mixture
and show the numerical results of detecting the enantiomeric
excess of chiral mixture. Finally, the conclusion is given in
Sec. IV.
2II. DETECTING THE CHIRALITY OF ENANTIO-PURE
CHIRAL MOLECULES
The principle of our method depends on the mechanism
of light deflection which is an important technology in mod-
ern optics [35–37]. Recently, light deflection in homoge-
neous medium subject to inhomogeneous external fields has
attracted much attention [38–40]. It has potential applications
in many fields such as steering, splitting, focusing, and cloak-
ing of optical beam [41–45] due to the achievement in signif-
icant deflection angle. In order to investigate the light deflec-
tion phenomenon in a gaseous medium of orientated enantio-
pure chiral molecules, we begin with the master equations de-
scribing the dynamical evolution of the four-level model of
left- or right-handed molecule, and then derive the chirality-
dependent deflection trajectory in a medium of enantio-pure
chiral molecules based on the steady-state optical response
which can be determined by solving the master equations.
A. Four-level model of chiral molecules
Each of the two enantiomers can be modeled simultane-
ously as the four-level chiral-molecule model consisting of a
cyclic three-level subsystem and an auxiliary level as shown in
Fig. 1. Here, the indices L and R are introduced to represent
respectively the left- and right-handed molecules which are
mirror symmetry of each other. |k〉L and |k〉R (k = 0, 1, 2, 3)
are respectively the desired k-th eigen-states of left- and right-
handed molecules. Here, we neglect the parity violating en-
ergy differences due to the fundamental weak force [46–48],
thus |k〉L and |k〉R are with the same eigen-energy~ωk. Three
strong driving fields with amplitudes E21, E31, and E32 and
frequencies ν21, ν31, and ν32, are applied to resonantly cou-
ple respectively the transitions |2〉Q↔|1〉Q, |3〉Q↔|1〉Q, and
|3〉Q↔|2〉Q (Q = L,R) via the electric-dipole couplings.
Thus it forms the cyclic three-level subsystem among |1〉Q,
|2〉Q, and |3〉Q. Meanwhile, a weak probe field E10 with fre-
quency ν10 couples the ground state |0〉Q to the cyclic three-
level subsystem via the transition |1〉Q↔|0〉Q.
Under the dipole approximation and rotating-wave approxi-
mation, the Hamiltonian in the interaction picture with respect
toHQ0 = ~[(ω0+∆) |0〉QQ〈0|+ω1 |1〉QQ〈1|+ω2 |2〉QQ〈2|+
ω3 |3〉QQ〈3|] is given as
HQI = −~∆ |0〉QQ〈0| − ~[Ω10 |1〉QQ〈0|+Ω21 |2〉QQ〈1|
+Ω31 |3〉QQ〈1|+Ω32eiφQ |3〉QQ〈2|+ h.c.]. (1)
Here, ∆ = ω1 − ω0 − ν10 denotes the detuning of probe
field. Ωjk = µjkEjk/2~ describes the Rabi frequencies cor-
responding to the optical fieldEjk with µjk the electric-dipole
transition moment of the transition |j〉Q↔|k〉Q. Without loss
of generality, all these Rabi frequencies (Ωjk) have been as-
sumed to be positive. φQ is the overall phases of the three
Rabi frequencies corresponding to the cyclic three-level sub-
system for the enantio-pure left-handed (Q = L) and right-
handed (Q = R) molecules. The chirality of this model is
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FIG. 1: (Color online) The schematic diagram of the four-level
model for enantio-pure left- and right-handed molecules coupled by
three strong driving fields and a weak probe field. The initially pop-
ulated states are |0〉
L
and |0〉
R
, respectively.
specified by choosing the overall phases of the left- and right-
handed molecules as
φL = φ, φR = φ+ π. (2)
The dynamical evolution of the system is described by the
master equations as
dρQ
dt
= − i
~
[HQI , ρ
Q] +D(ρQ). (3)
Here,D(ρQ) denotes the decoherence with [49]
[D(ρQ)]jk = −(γjk + γdphjk )ρQjk, (k 6= j),
[D(ρQ)]jj =
∑
k′ (k′>j)
Γk′jρ
Q
k′k′ −
∑
k (k<j)
Γjkρ
Q
jj , (4)
where
γjk =
Γj + Γk
2
, Γk =
∑
j′ (j′<k)
Γkj′ , (5)
where Γjk denotes the pure population relaxation from state
|j〉 to |k〉 resulting from spontaneous emission and inelastic
collision process. γdphjk represents the pure dephasing arising
from elastic collision process. For chiral molecules in gaseous
media, inelastic collision dominates the decoherence and thus
the pure dephasing due to the elastic collision can be ne-
glected [50–52]. Hence here we take γdphjk → 0. For simplic-
ity, we assume Γ10 = Γ20 = Γ21 = Γ30 = Γ31 = Γ32 = Γ in
the following discussion.
B. Light deflection in a medium of enantio-pure chiral
molecules
Light deflection phenomenon in a medium is the conse-
quence of spatial variation of refractive index [38–40]. Note
that as mentioned in Ref. [53], the deflection angle obtained
by an inhomogeneous optical field is found to be much larger
than that obtained by using an inhomogeneousmagnetic field.
Therefore, we consider an inhomogeneous optical field to in-
duce spatially inhomogeneous refractive index.
3In order to estimate the deflection angle of the probe light,
we begin with the (general) geometrical optics differential
equation in the vector form [54]
d
ds
[n(~r)
d~r
ds
] = ∇n(~r), (6)
where s represents the length of the probe light trajectory in
medium. ds =
√
dx2 + dz2 is the length variation of the light
ray during propagation. ~r(x, z) = x~ex + z~ez denotes a point
on light ray where ~ex and ~ez are unit vectors along the axes.
n is the spatially dependent refractive index corresponding to
the probe light. For simplicity, we consider that the probe light
injects the medium along z direction at position ~r0 = (x0, 0).
Here, we assume that the refractive index is only inhomoge-
neous in x direction, then its gradient [i.e. ∇n(~r)] can reduce
to ∇xn(x). In the small deflection angle regime, the gradient
of refractive index along the probe light trajectory is approxi-
matively equal to that at the incident position
∇xn(x) ≃ ∇xn(x0) ≡ n′~ex, (7)
where n′ ≡ dn/dx|x=x0 denotes the derivative of refractive
index with respect to x. The Eq. (6) implies that the propaga-
tion trajectory of the probe light is determined by the refrac-
tive index of the medium. Thus, we then use the master equa-
tions (3) to derive the steady-state optical response which de-
termines the refractive index corresponding to the probe light
in a medium of enantio-pure chiral molecules.
Here, we follow the method in Ref. [55] to obtain the linear
optical response which can sufficiently reflect the main phys-
ical properties of the propagation of the probe light. In the
weak probe field approximation (Ω10 ≪ Ω21,Ω31,Ω32,Γ)
and steady-state condition (i.e. dρQ/dt = 0), the zeroth-
order steady-state solution of the element ρQ10 is zero and the
first-order steady-state solution of the element ρQ10 which de-
termines the linear optical response for the probe light is given
by (see the Appendix A)
ρ
Q(1)
10 =
Ω10
Ω˜cosφQ +K
(8)
with
Ω˜ =
2Ω21Ω32Ω31
κ20κ30 +Ω232
,
K = −iκ10Ω
2
32 + κ20Ω
2
31 + κ30Ω
2
21 + κ10κ20κ30
κ20κ30 +Ω232
, (9)
where κj0 = i∆+ γj0 (j = 1, 2, 3). Further, the linear sus-
ceptibility of a homogeneous medium of enantio-pure chiral
molecules with molecular densityNQ is defined as [56, 57]
χQ10 ≡
NQ |µ10|2
2~ε0
· ρ
Q(1)
10
Ω10
, (10)
where ε0 represents the permittivity of vacuum. Since
|χQ10| ≪ 1 in the gaseous medium whose density is low, the
corresponding refractive index of the probe light is approxi-
mately determined by
nQ ≡
√
1 + Re(χQ10) ≃ 1 +
1
2
Re(χQ10). (11)
Once the medium is driven by inhomogeneous optical field, a
spatial variation of refractive index which is essential in light
deflection can be induced for the probe light. Here, we assume
that the Rabi frequencies Ω21 and Ω31 are homogeneous in
space and the Rabi frequency Ω32 has the Gaussian profile as
Ω32(x) = Ω
(0)
32 exp(−
x2
σ2
), (12)
where Ω
(0)
32 characters the peak value of the Rabi frequency
and σ represents the width of the profile.
Therefore, by replacing n (n′) in the Eqs. (6) and (7) with
nQ (n
′
Q), we can derive the propagation trajectory of the probe
light which travels in the medium of enantio-pure left- or
right-handed molecules [38]
xQ(s) =x0 +
ln cosh[s · n′Q]
n′Q
,
zQ(s) =
ln sinh[s · n′Q]
n′Q
. (13)
In the small deflection angle regime, the deflection angle of
the probe light when it exits from the medium can be finally
estimated as [38]
θQ ≡ ∂sxQ(s)
∂szQ(s)
∣∣∣∣
z=lz
≃ lzn′Q, (14)
where lz is the length of the medium along z direction. As a
result, the propagation trajectory and deflection angle of the
probe light can be determined by Eqs. (13) and (14).
C. Detecting the chirality of enantio-pure chiral molecules via
light deflection
So far, the deflection angle of the probe light in a homo-
geneous medium of enantio-pure chiral molecules has been
analyzed based on the related steady-state optical response.
In the following, we illustrate how to detect the chirality of
enantio-pure chiral molecules via monitoring the deflection
angle of the probe light when it exits from the medium of chi-
ral molecules.
In our simulations, we assume the population relaxation
Γ/2π ≃ 0.1MHz [51, 52]. Moreover, the values of the
three Rabi frequencies corresponding to the cyclic three-level
subsystem are typical in the current experimental conditions
[28, 29] Ω21/2π,Ω31/2π,Ω
(0)
32 /2π . 6MHz.
The physical mechanism underlying our method can be ex-
plained as following. According to Eq. (2), the two enan-
tiomers could result in different refractive index for the probe
light [see Eq. (11)]. When one of the three strong driv-
ing fields is spatially inhomogeneous [e.g. Ω32(x) given in
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FIG. 2: (Color online) The propagation trajectory of the weak probe
light with detuning (a) ∆/2pi = −2.8MHz and (b) ∆/2pi =
2.8MHz when it enters the medium at three positions: x0 = −4 cm,
x0 = 0 cm, and x0 = 4 cm. The deflection angle of the probe light
corresponding to enantio-pure (c) left-handed and (d) right-handed
molecules varies with incident position x0 and detuning of the probe
light ∆. The other parameters are chosen as Γ/2pi = 0.1MHz,
Ω21/2pi = Ω31/2pi = Ω
(0)
32 /2pi = 2.5MHz, σ = 6 cm, φ = 0,
lz = 15 cm, |µ10| = 6× 10
−30 C · m, and N = 4× 1011 cm−3.
Eq. (12)], the resultant gradient of refractive index will be-
come chirality-dependent. In terms of the Fermat’s princi-
ple [54], the probe light traveling in the medium of enantio-
pure chiral molecules is always along the trajectory taking the
least time. Thus, such a chirality-dependent gradient of refrac-
tive index can lead to completely different propagation trajec-
tories of the probe light for the two enantiomers. As a conse-
quence, the chirality of enantio-pure chiral molecules can be
detected by monitoring the corresponding deflection angle of
the probe light.
In Fig. 2 we give the propagation trajectory of the probe
light in the medium of enantio-pure left- or right-handed
molecules at different incident positions x0. Fig. 2(a) shows
that a blue-detuned (∆/2π = −2.8MHz) probe light expe-
riences a “repulsive potential” away from the central posi-
tion of Gaussian driving field for the medium of enantio-pure
left-handed molecules, while it travels almost along z direc-
tion for the medium of enantio-pure right-handed molecules.
On the contrary, it is shown in Fig. 2(b) that a red-detuned
(∆/2π = 2.8MHz) probe light feels an “attractive poten-
tial” for the medium of enantio-pure right-handed molecules
FIG. 3: (Color online) The deflection angle of the probe light corre-
sponding to enantio-pure (a) left-handed and (b) right-handed chiral
molecules versus detuning ∆ for different Ω
(0)
32 : Ω
(0)
32 /2pi = 2MHz,
3MHz, and 4MHz. Other parameters are the same as that in Fig. 2
except for x0 = 4 cm.
but propagates almost along z direction for the medium of
enantio-pure left-handed molecules. This means that the two
enantiomers can be identified by measuring the deflection an-
gle of the probe light. However, it is worth noting that the
deflection angle is sensitive to the incident position x0. For
example, when the incident position is set to be x0 = 0 cm,
neither the blue-detuned (∆/2π = −2.8MHz) [Fig. 2(a)] nor
red-detuned (∆/2π = 2.8MHz) [Fig. 2(b)] probe light has
significant deflection when it propagates in the medium of
enantio-pure left- or right-handed molecules.
To find the working region where the probe light has a sig-
nificant deflection, we further display the deflection angle cor-
responding to enantio-pure left- and right-handed molecules
versus the incident position x0 and detuning ∆ of the probe
field in Fig. 2(c) and Fig. 2(d), respectively. Here, we only
present the numerical results in the region x0 > 0 (e.g.
x0 = 0 ∼ 8 cm) since Ω32 is symmetric in space [see
Eq. (12)]. As one can see, if the incident position x0 is set
properly, the medium of enantio-pure left-handed molecules
could lead to positive deflection angle at the detuning regions
∆/2π = −3.5 ∼ −2.5MHz and ∆/2π = 3.5 ∼ 5MHz
[Fig. 2(c)], while the medium of enantio-pure right-handed
molecules could result in negative deflection angle at the de-
tuning regions ∆/2π = 2.5 ∼ 3.5MHz and ∆/2π = −5 ∼
−3.5MHz [Fig. 2(d)]. That means the working regions for the
two enantiomers are well separated. This chirality-dependent
phenomenon is useful in detecting the chirality of enantio-
pure chiral molecules. Whereas, light deflection phenomenon
tends to disappear in the region ∆/2π = −2.5 ∼ 2.5MHz
for the medium of enantio-pure either left- or right-handed
molecules. Consequently, we should adjust the parameters
and find the working regions, then the chirality of enantio-
pure chiral molecules can be distinguished by monitoring the
corresponding sign of the deflection angle of the probe light.
Additionally, one can find that the deflection angle will be op-
timal if the probe light enters the medium at the position about
5x0 = 4 cm. Hence, we assume the incident position of the
probe light to be x0 = 4 cm in the following discussions.
The deflection angle of the probe light should be large
enough to ensure that our method can act as a tool for enantio-
discrimination. This immediately raises the interesting ques-
tion weather the deflection angle can be controlled effectively.
In Fig. 3, we plot the deflection angle of the probe light corre-
sponding to enantio-pure left- and right-handed molecules as
a function of detuning ∆ for different Rabi frequencies cor-
responding to the Gaussian driving field [Ω
(0)
32 ]. One can find
that the deflection angle strongly depends onΩ
(0)
32 : it increases
with the enhancement of Ω
(0)
32 due to the increase of gradient
of refractive index. Namely, we can manipulate the deflec-
tion phenomenon by tuning the Rabi frequency Ω
(0)
32 to in-
duce larger deflection angle as required. However, it is worth
pointing out that Ω
(0)
32 should be limited in the typical region
of parameters [Ω
(0)
32 /2π . 6MHz] according to the current
experimental conditions [28, 29].
III. DETECTING ENANTIOMERIC EXCESS OF CHIRAL
MIXTURE
In the above section, we have demonstrated that the chiral-
ity of enantio-pure chiral molecules can be detected by mon-
itoring the deflection angle of the probe light. Further, such
a chirality-dependent deflection angle can also be utilized to
detect the enantiomeric excess of chiral mixture.
A. Light deflection in a medium of chiral mixture
We now turn to consider the probe light propagating in a
medium of chiral mixture. In this case, both kinds of left-
and right-handed molecules in the medium have effect on the
propagation trajectory of the probe light, thus the linear sus-
ceptibility of a homogeneous medium of chiral mixture with
total molecular density N = NL +NR is written as
χ10 = χ
L
10 + χ
R
10, (15)
where χL10 and χ
R
10 can be derived via Eq. (10). Now, NL and
NR are, respectively, the densities of left- and right-handed
molecules in the medium of chiral mixture. Based on Eq. (11),
the corresponding refractive index of the probe light is approx-
imately equal to
n ≡
√
1 + Re(χL10 + χ
R
10) ≃ 1 +
1
2
Re(χL10 + χ
R
10). (16)
According to the above approximation, the derivative of re-
fractive index with respect to x is given as
n′ = n′L + n
′
R. (17)
The propagation trajectory of the probe light in the medium
of chiral mixture is also described by the geometrical optics
differential equation (6). Therefore, based on the calculations
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FIG. 4: (Color online) (a) The deflection angle of the probe light
as a function of detuning ∆ for different percentages of two enan-
tiomers. (b) The contributions of left- and right-handed molecules to
the deflection angle of the probe light θ at two characteristic detun-
ings ∆I/2pi = −2.5MHz and ∆II/2pi = 2.5MHz as a function of
the enantiomeric excess. The parameters are Ω
(0)
32 /2pi = 4MHz and
x0 = 4 cm. Other parameters are the same as that in Fig. 2.
in Sec. II, we can estimate the deflection angle of the probe
light given by
θ = θL + θR (18)
with
θL = lzn
′
L, θR = lzn
′
R. (19)
Here, θL and θR can be used to respectively describe the con-
tributions of left- and right-handedmolecules to the deflection
angle of probe light. In the next subsection, we will illustrate
how to detect the enantiomeric excess of chiral mixture via
such a deflection angle.
B. Detecting the enantiomeric excess of chiral mixture via
light deflection
As shown in the last section, each of the two enantiomers
can lead to prominent light deflection at two regions [the two
regions ∆/2π = −3.5 ∼ −2.5MHz and ∆/2π = 3.5 ∼
5MHz for enantio-pure left-handed molecules in Fig. 2(c),
and the two regions ∆/2π = 2.5 ∼ 3.5MHz and ∆/2π =
−5 ∼ −3.5MHz for enantio-pure right-handed molecules in
Fig. 2(d)]. For convenience, we only focus on the two work-
ing regions∆/2π = −3.5 ∼ −2.5MHz and ∆/2π = 2.5 ∼
3.5MHz. In Fig. 4(a), we show the deflection angle of the
probe light versus the detuning of the probe light (∆) for dif-
ferent percentages of two enantiomers in the chiral mixture.
Apparently, there are two characteristic peaks of deflection an-
gle at∆/2π = −2.5MHz ≡ ∆I/2π and∆/2π = 2.5MHz ≡
∆II/2π. It is shown that the amplitude of deflection angle at
the detuning ∆I is larger (smaller) than that at ∆II when the
density of left-handed (right-handed) molecules in the chiral
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FIG. 5: (Color online) Robustness of the absolute error δ with re-
spect to the Rabi frequency Ω
(0)
32 and enantiomeric excess ε. Note
that we should sweep the detuning of the probe light to find the new
characteristic detunings ∆I and ∆II once Ω
(0)
32 is changed since the
variation of Ω
(0)
32 would shift the two characteristic detunings. Other
parameters are the same as that in Fig. 4.
mixture is larger. These results suggest that the percentages
of the two enantiomers are directly associated with the de-
flection angles of the probe light at the two characteristic de-
tunings. To further investigate this property, in Fig. 4(b), we
display θL(∆I), θL(∆II), θR(∆I), and θR(∆II) as a function
of the enantiomeric excess which is defined as ε ≡ NL−NR
NL+NR
.
As one can see, at the detuning∆I (∆II), the contributions of
left-handed (right-handed) molecules is prominent while that
of right-handed (left-handed) molecules tends to be negligi-
ble. This implies that, in appropriate region of parameters,
the contributions of left-handed (right-handed) molecules to
the deflection angle at the detuning ∆II (∆I) can be approxi-
mately reduced to
θL(∆II) ≃ 0, θR(∆I) ≃ 0. (20)
Applying this approximation to Eq. (19), we can obtain
θ(∆I) ≃ θL(∆I), θ(∆II) ≃ θR(∆II). (21)
As a result, the enantiomeric excess of chiral mixture can be
estimated as
ε ≃ εm ≡ |θ(∆I)| − |θ(∆II)||θ(∆I)|+ |θ(∆II)| , (22)
where “m” denotes the measured value. Therefore, in order
to detect the enantiomeric excess of chiral mixture, we should
adjust the parameters to find two characteristic peaks for the
light deflection angle at two different detunings of probe light
where the corresponding amplitudes of two deflection angles
are approximately proportional to the densities of left- and
right-handed molecules, respectively.
As mentioned above, enantio-pure left- and right-handed
molecules could respectively lead to significant deflection of
the probe light at different working regions [see in Fig. 2(c)
and Fig. 2(d)]. However, if there are overlaps between the
working region related to enantio-pure left-handed molecules
and that related to right-handed molecules, the correspond-
ing measurement precision will suffer from such overlaps due
to the failure of θL(∆II) ≃ 0 and θR(∆I) ≃ 0. Therefore,
it is necessary to evaluate the measurement precision of our
method. Here, we introduce the absolute error
δ = εm − ε (23)
to describe the measurement precision and verify the robust-
ness of δ against a variation of the enantiomeric excess ε and
Rabi frequencyΩ
(0)
32 in Fig. 5. One can find that an affordable
absolute error (below 0.4%) is fairly robust against the varia-
tion of ε and Ω
(0)
32 in the range Ω
(0)
32 /2π = 4 ∼ 6MHz and
ε = −1 ∼ 1. Further, a smaller absolute error (below 0.2%)
is possible in a sufficiently large Ω
(0)
32 . Therefore, εm can re-
flect the value of enantiomeric excess εmore accurately when
a larger value of Ω
(0)
32 is taken.
The principle of our method is based on the light deflec-
tion effect in a homogeneousmedium of chiral molecules sub-
jected to inhomogeneous external field. In practice, the deflec-
tion angle of the probe light can be monitored by some opti-
cal instruments such as position sensitive detector (PSD) [17–
19, 43] and charge-coupled device (CCD) [14, 58]. Note that
the resolution of PSD can reach about 1µrad [17, 18], thus the
induced chirality-dependent deflection angle which is about
0.1 ∼ 0.2 rad is sufficient for enantio-discrimination.
Our investigation focus only on the chirality-dependent
light deflection effect at zero temperature (T = 0K), where
the populations initially distribute in the ground state of the
four-level chiral-molecule model. However, when consider-
ing the case of finite temperature, there would be thermal dis-
tribution of initial populations in the three excited states. This
thermal distribution will have impact on the amplitude of the
deflection angle. Note that only the vibrational ground state is
thermally occupied in “cold” experiments [28, 31, 33, 59, 60].
Therefore, we can choose different vibrational states to con-
struct the transition coupled by the weak probe field, and thus
only the ground state of the four-level chiral-molecule model
is occupied initially.
IV. CONCLUSION
In conclusion, we have proposed a theoretical method for
enantio-discrimination based on the light deflection effect
in a four-level chiral-molecule model consisting of a cyclic
three-level subsystem and an auxiliary level. The key idea
is to induce spatially inhomogeneous refractive index which
is chirality-dependent using an inhomogeneous driving field,
and then the chirality of enantio-pure chiral molecules can be
mapped on the deflection angle of the probe light. We also
investigate the effect of the Rabi frequency corresponding to
the inhomogeneous driving field on the deflection angle and
the results show that the amplitude of deflection angle can be
controlled effectively via such a Rabi frequency. Further, we
demonstrate that such a chirality-dependent light deflection
angle can also be utilized to detect the enantiomeric excess of
chiral mixture with uniform molecular density. Moreover, we
also evaluate the measurement precision of our method. It is
shown that we can obtain affordable measurement precision
7which is fairly robust against a small variation in the Rabi fre-
quency and enantiomeric excess. Therefore, our method may
act as a tool for enantio-discrimination and have potential ap-
plications in biology and chemistry.
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Appendix A
Based on the Hamiltonian (1) and master equations (3), we can obtain the dynamical evolution equations of the system as
ρ˙Q00 =i(Ω10ρ
Q
10 + Ω10ρ
Q
01) + Γ10ρ
Q
11 + Γ20ρ
Q
22 + Γ30ρ
Q
33, (A1)
ρ˙Q11 =i(Ω10ρ
Q
01 + Ω21ρ
Q
21 +Ω31ρ
Q
31 +Ω10ρ
Q
10 +Ω21ρ
Q
12 +Ω31ρ
Q
13)− Γ10ρQ11 + Γ21ρQ22 + Γ31ρQ33, (A2)
ρ˙Q22 =i(Ω21ρ
Q
12 + Ω32e
−iφQρQ32 +Ω21ρ
Q
21 +Ω32e
iφQρQ23)− Γ2ρQ22 + Γ32ρQ33, (A3)
ρ˙Q33 =i(Ω31ρ
Q
13 + Ω32e
iφQρQ23 +Ω31ρ
Q
31 +Ω32e
−iφQρQ32)− Γ3ρQ33, (A4)
ρ˙Q10 =i(Ω10ρ
Q
00 − Ω10ρQ11 +Ω21ρQ20 +Ω31ρQ30)− κ10ρQ10, (A5)
ρ˙Q01 =i(Ω10ρ
Q
11 − Ω10ρQ00 − Ω21ρQ20 − Ω31ρQ30)− κ01ρQ01, (A6)
ρ˙Q20 =i(Ω21ρ
Q
10 − Ω10ρQ21 +Ω32e−iφQρQ30)− κ20ρQ20, (A7)
ρ˙Q02 =i(Ω10ρ
Q
12 − Ω21ρQ01 − Ω32eiφQρQ03)− κ02ρQ02, (A8)
ρ˙Q21 =i(Ω21ρ
Q
11 − Ω21ρQ22 − Ω10ρQ20 − Ω31ρQ23 +Ω32e−iφQρQ31)− γ21ρQ21, (A9)
ρ˙Q12 =i(Ω21ρ
Q
22 − Ω21ρQ11 +Ω10ρQ02 +Ω31ρQ32 − Ω32eiφQρQ13)− γ12ρQ12, (A10)
ρ˙Q30 =i(Ω31ρ
Q
10 − Ω32eiφQρQ20 +Ω10ρQ31)− κ30ρQ30, (A11)
ρ˙Q03 =i(Ω32e
−iφQρQ02 − Ω31ρQ01 − Ω10ρQ13)− κ03ρQ03, (A12)
ρ˙Q31 =i(Ω31ρ
Q
11 − Ω31ρQ33 − Ω10ρQ30 − Ω21ρQ32 +Ω32eiφQρQ21)− γ31ρQ31, (A13)
ρ˙Q13 =i(Ω31ρ
Q
33 − Ω31ρQ11 +Ω10ρQ03 +Ω21ρQ23 +Ω32e−iφQρQ12)− γ13ρQ13, (A14)
ρ˙Q32 =i(Ω32e
iφQρQ22 − Ω32eiφQρQ33 − Ω21ρQ31 +Ω31ρQ12)− γ32ρQ32, (A15)
ρ˙Q23 =i(Ω32e
−iφQρQ33 − Ω32e−iφQρQ22 +Ω21ρQ13 +Ω31ρQ21)− γ23ρQ23, (A16)
where κj0 = κ
∗
0j = i∆+ γj0 (j = 1, 2, 3). In the weak probe field approximation (Ω10 ≪ Ω21,Ω31,Ω32,Γ) and steady-state
condition (i.e. ρ˙jk = 0), the linear optical response for the probe light can be obtained by applying the perturbation approach to
the elements ρjk , which is introduced in terms of perturbation expansion [55]
ρQjk = ρ
Q(0)
jk + ρ
Q(1)
jk + ρ
Q(2)
jk + · · · , (A17)
where ρ
Q(m)
jk (m = 0, 1, ...) is the mth-order solution of the element ρjk . we substitute Eq. (A17) to Eqs. (A1-A16) and treat
the weak probe filed as a perturbation, then the first-order solutions of the elements ρQjk satisfy the following equations
0 =i[Ω10ρ
Q(0)
10 +Ω10ρ
Q(0)
01 ] + Γ10ρ
Q(1)
11 + Γ20ρ
Q(1)
22 + Γ30ρ
Q(1)
33 , (A18)
0 =i[Ω10ρ
Q(0)
01 +Ω21ρ
Q(1)
21 +Ω31ρ
Q(1)
31 +Ω10ρ
Q(0)
10 +Ω21ρ
Q(1)
12 +Ω31ρ
Q(1)
13 ]− Γ10ρQ(1)11 + Γ21ρQ(1)22 + Γ31ρQ(1)33 , (A19)
0 =i[Ω21ρ
Q(1)
12 +Ω32e
−iφQρ
Q(1)
32 +Ω21ρ
Q(1)
21 +Ω32e
iφQρ
Q(1)
23 ]− Γ2ρQ(1)22 + Γ32ρQ(1)33 , (A20)
0 =i[Ω31ρ
Q(1)
13 +Ω32e
iφQρ
Q(1)
23 +Ω31ρ
Q(1)
31 +Ω32e
−iφQρ
Q(1)
32 ]− Γ3ρQ(1)33 , (A21)
80 =i[Ω10ρ
Q(0)
00 − Ω10ρQ(0)11 +Ω21ρQ(1)20 +Ω31ρQ(1)30 ]− κ10ρQ(1)10 , (A22)
0 =i[Ω10ρ
Q(0)
11 − Ω10ρQ(0)00 − Ω21ρQ(1)20 − Ω31ρQ(1)30 ]− κ01ρQ(1)01 , (A23)
0 =i[Ω21ρ
Q(1)
10 − Ω10ρQ(0)21 +Ω32e−iφQρQ(1)30 ]− κ20ρQ(1)20 , (A24)
0 =i[Ω10ρ
Q(0)
12 − Ω21ρQ(1)01 − Ω32eiφQρQ(1)03 ]− κ02ρQ(1)02 , (A25)
0 =i[Ω21ρ
Q(1)
11 − Ω21ρQ(1)22 − Ω10ρQ(0)20 − Ω31ρQ(1)23 +Ω32e−iφQρQ(1)31 ]− γ21ρQ(1)21 , (A26)
0 =i[Ω21ρ
Q(1)
22 − Ω21ρQ(1)11 +Ω10ρQ(0)02 +Ω31ρQ(1)32 − Ω32eiφQρQ(1)13 ]− γ12ρQ(1)12 , (A27)
0 =i[Ω31ρ
Q(1)
10 − Ω32eiφQρQ(1)20 +Ω10ρQ(0)31 ]− κ30ρQ(1)30 , (A28)
0 =i[Ω32e
−iφQρ
Q(1)
02 − Ω31ρQ(1)01 − Ω10ρQ(0)13 ]− κ03ρQ(1)03 , (A29)
0 =i[Ω31ρ
Q(1)
11 − Ω31ρQ(1)33 − Ω10ρQ(0)30 − Ω21ρQ(1)32 +Ω32eiφQρQ(1)21 ]− γ31ρQ(1)31 , (A30)
0 =i[Ω31ρ
Q(1)
33 − Ω31ρQ(1)11 +Ω10ρQ(0)03 +Ω21ρQ(1)23 +Ω32e−iφQρQ(1)12 ]− γ13ρQ(1)13 , (A31)
0 =i[Ω32e
iφQρ
Q(1)
22 − Ω32eiφQρQ(1)33 − Ω21ρQ(1)31 +Ω31ρQ(1)12 ]− γ32ρQ(1)32 , (A32)
0 =i[Ω32e
−iφQρ
Q(1)
33 − Ω32e−iφQρQ(1)22 +Ω21ρQ(1)13 +Ω31ρQ(1)21 ]− γ23ρQ(1)23 . (A33)
We assume that the initial state is the ground one |0〉Q. Thus the zeroth-order solutions of density matrix elements are given by
ρ
Q(0)
00 = 1, ρ
Q(0)
11 = ρ
Q(0)
22 = ρ
Q(0)
33 = 0, (A34)
ρ
Q(0)
jk = 0 (k 6= j). (A35)
By substituting the zeroth-order solutions (A34) and (A35) into Eqs. (A18-A33), the first-order steady-state solutions of the
elements ρQ10 is given as
ρ
Q(1)
10 =
Ω10
Ω˜cosφQ +K
(A36)
with
Ω˜ =
2Ω21Ω32Ω31
κ20κ30 +Ω232
,
K = −iκ10Ω
2
32 + κ20Ω
2
31 + κ30Ω
2
21 + κ10κ20κ30
κ20κ30 +Ω232
. (A37)
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